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Non-parenchymal cells might play an important role in the modulation of xenobiotic metabolism in liver

and its pharmacological and toxicological consequences. Therefore, the role of cell-to-cell interactions

in herbal induced liver toxicity was investigated in monocultures of cells from the human hepatocyte cell

line (HepG2) and in co-cultures of cells from the HepG2 cell line and cells from the human monocyte

cell line (THP1). Cells were treated with various concentrations (1–500 mg ml�1) of extracts of Pistacia

palaestina, Juglans regia and Quercus ithaburensis for 24 h. Extracts from Cleome droserifolia, a

known toxic plant, were taken as positive control. In the co-culture system, toxic effects were observed

after exposure to extracts of Pistacia palestina and C. droserifolia. These two extracts significantly

reduced by cell viability as measured the MTT test and the LDH assay. Whereas in hepatocyte cultures,

only extracts of C. droserifolia were found to affect the cell viability. The production levels of albumin

from hepatocytes were not affected by treatment with plant extracts in both culture systems. It seems that

the observed reduction in cell viability after exposure to extracts of P. palestina in co-cultures but not

in monocultures is a result of monocyte-derived factors. The use of liver cell co-cultures is therefore a

useful approach to investigate the influence of intercellular communication on xenobiotic metabolism

in the liver.
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Introduction

The currently observed rapid increase in consumption of

herbal remedies worldwide has been stimulated by several

factors, including the notion that all herbal products are safe

and effective (1–3). However, over the past decade, several

news-catching episodes in developed communities indicated

adverse effects, sometimes life-threatening, allegedly

arising consequential to taking herbal products or traditi-

onal medicines from various ethnic groups (4,5). In some

cases, adulteration, inappropriate formulation, or lack of

understanding of plant and drug interactions or uses has led

to adverse reactions that are sometimes life-threatening or

lethal to patients (6–10).

Hepatotoxicity of Herbal Remedies

Most reports of toxic effects due to the use of herbal medicines

and dietary supplements are associated with hepatotoxicity

although reports of other toxic effects including kidney,

nervous system, blood, cardiovascular and dermatologic

effects, mutagenicity, and carcinogenicity have also been

published in medical literature. On the basis of various case

reports, liver injury from herbal remedies has ranged from

mild elevations of liver enzymes to fulminated liver failure

requiring liver transplantation. The reported toxicity of herbal

formulations may be the result of several factors, including

For reprints and all correspondence: Prof. Dr Bashar Saad, Research and
Development Regional Center—The Galilee Society, PO Box 437,
Shefa Amr 20200, Israel. Tel: þ972-4-950-45-23; Fax: þ972-4-950-45-25;
E-mail: bsaad@gal-soc.org

� The Author (2006). Published by Oxford University Press. All rights reserved.

The online version of this article has been published under an open access model. Users are entitled to use, reproduce, disseminate, or display the open access
version of this article for non-commercial purposes provided that: the original authorship is properly and fully attributed; the Journal and Oxford University Press
are attributed as the original place of publication with the correct citation details given; if an article is subsequently reproduced or disseminated not in its entirety
but only in part or as a derivative work this must be clearly indicated. For commercial re-use, please contact journals.permissions@oxfordjournals.org



contamination with pesticides, microbes, heavy metals, toxins

or adulteration with orthodox drugs (11). Therefore, for safety

and quality assurances, chemical analytical techniques should

be applied at different stages for good practices in quality

assurances of natural or herbal products, including good agri-

cultural practice by farmers, good sourcing and laboratory

practices by pharmaceutical companies, good manufacturing

practices and innovative clinical trial practices by researchers

and physicians (5).

In Vitro Test Methods

In vitro culture models that employ human liver cells could be

potent tools for predictive studies on drug toxicity and meta-

bolism in the pharmaceutical industry. In general, in vitro

test systems represent the first phase of the evaluation proced-

ure. In the in vitro test systems, cells isolated from various

tissues or cell lines are cultured (12,13). In vitro cell culture

methods have the advantage of relatively well-controlled vari-

ables and are generally accepted as a very effective method for

safety testing. Advantages of these systems over classical

methods (such as long-term studies on experimental animals)

include relatively well-controlled variables, decreased costs,

a reduced time to completion and reduced numbers of animals

necessary to complete the study. The fact that cells and tissues

in vivo do not exist in isolation, but communicate with and

are interdependent on neighboring tissue makes it essential

to simulate the in vivo situation, where, for example, the

microenvironment of the hepatocytes within the liver acinus

involves gradients in oxygen tension, hormones, extracellular

matrix components, non-parenchymal cells and effective

exposure levels of xenobiotics from the periportal to the

pericentral compartment (14,15). In addition to primary

cultures, cell lines, such as HepG2 (express hepatocyte spe-

cific function, such as P450 and albumin production), pro-

vide an adequate in vitro liver model for many mechanistic

studies of signal transduction, gene expression, metabolism

and toxicology.

Co-cultures of Parenchymal and

Non-parenchymal Cells

Conventional homotypic hepatocyte cultures do not include

the possible contribution of non-parenchymal liver cells, par-

ticularly Kupffer cells, to the pharmacological and toxicolo-

gical consequences after exposure to xenobiotics. Therefore,

in the present study we evaluated the hepatotoxicity of three

plant extracts using co-cultures of cells from the human hep-

atocyte cell line (HepG2) and cells from the human monocyte

cell line (THP1). In this co-culture system both cell types

have direct cell-to-cell contacts and are maintained in more

‘in vivo-like’ culture conditions than in the monoculture

system. Results obtained here indicate that one out of three

tested plant extracts significantly reduced cell viability in the

co-culture system but not in the monoculture system. It seems

that the observed reduction in cell viability is a result of

monocyte-derived factors.

Material and Methods

Preparation of Plant Extracts

Fifty grams of air-dried Pistacia palaestina (leaves), Juglans

regia (leaves), Quercus ithaburensis (fruits) and Cleome

droserifolia (taken as positive control) were added to 1 liter

of distilled water and boiled for 10 min. The boiled

water extracts were filtered through filter paper and freeze-

dried in a lyophilizer. The freeze-dried extracts were stored

at �70�C for further evaluation.

Cell Culture

The effect of P. palaestina (RDC 1089), J. regia (RDC 1060),

Q. ithaburensis (RDC 1097) and C. droserifolia (1) on cell

viability was assessed in a cell culture system using cells

from the human hepatoplastoma cell line HepG2 and cells

from the monocyte cell line THP1. HepG2 cell line retains dif-

ferentiated parenchymal functions of normal hepatocytes,

including the expression of P450 isoenzymes (16) thus permit-

ting long-term studies to be performed. The cells from both

cell lines were grown in Dulbecco’s modified Eagle’s medium

(DMEM) with a high glucose content (4.5 g l�1) supplemented

with 10% vol/vol inactivated fetal calf serum, 1% non-

essential amino acids, 1% glutamine, 100 U ml�1 penicillin,

and 10 mg ml�1 streptomycin. Cells were maintained in

humidified atmosphere with 5% CO2 at 37�C. The medium

of cells from both cell lines was changed twice a week. At

70–80% confluence, cells were trypsinized and seeded in

96-well plates in cell density of 1.5 · 104 HepG2 cells and

5 · 103 THP1 cells. Twenty-four hours after cell seeding, cells

were exposed to various concentrations of the plant extracts

in fresh serum-free medium.

MTT Assay

The tetrazolium dye, MTT, is widely used to assess the viabil-

ity and/or the metabolic state of cells (17). This colorimetric

assay is based on the conversion of the yellow tetrazolium

bromide (MTT) to the red formazan derivative by mitochon-

drial succinate dehydrogenase in viable cells. Twenty-four

hours after cell seeding, cells were incubated with varying con-

centrations of water extracts of the three plants for 24 h at

37�C. Following removal of the plant extracts from each

well, cells were washed in phosphate-buffered saline. The cells

were then incubated in serum-free DMEM to which MTT

(0.5 mg ml�1) was added to each well (100 ml), and incubated

for a further 4 h. Then the medium was removed and the cells

were incubated for 15 min with 100 ml of acidic isopropanol

(0.08 N HCl) to dissolve the formazan crystals. The absorb-

ance of the MTT formazan was determined at 570 nm in an

enzyme-linked immunosorbent assay (ELISA) reader. Viabil-

ity was defined as the ratio (expressed as a percentage) of

absorbance of treated cells to untreated cells.
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Lactate Dehydrogenase

In the lactate dehydrogenase (LDH) assay, leakage of the cyto-

plasmic located enzyme LDH into the extracellular medium is

measured. The presence of the exclusively cytosolic enzyme,

LDH, in the cell culture medium is indicative of cell mem-

brane damage (17).

For the LDH assay, 1.5 · 104 HepG2 cells and 5 · 103

THP1 were seeded per well of 96-microtiter plates. Twenty-

four hour after cell seeding, cells were exposed to varying con-

centrations of the plant extracts (0.001–0.5 mg ml�1). After

24 h of treatment, the supernatants were collected from

each well. Cell monolayers were then treated with a cell lysis

solution for 30 min at room temperature to lyse. The cells

and the lysate were collected. LDH activity was measured in

both the supernatants and the cell lysate fractions using Cyto-

Tox 96, a non-radioactive cytotoxicity assay kit (Promega,

WI, USA), in accordance with the manufacturer’s instruction.

The intensity color is proportional to LDH activity. The

absorbance is determined at 490 nm with 96-well plate

ELISA reader. The percent of LDH release from the cells

was determined using the following formula: LDH

release ¼ (Absorbance of the supernatant)/(absorbance of the

supernatant and cell lysate) · 100.

Quantification of Albumin Secretion

For the determination of albumin levels in culture

supernatants, 1.5 · 104 HepG2 cells and 5 · 103 THP1 were

seeded in 96-microtiter plates. Twenty-four hours after cell

seeding, cells were exposed to varying concentrations of the

plant extracts (0.001–0.5 mg ml�1). After 24 h of treatment,

the supernatants were collected from each well. The amount

of albumin in the culture supernatant was measured using

ELISA. In brief, supernatants were incubated in 96-well

microtiter plates for 1 h at 37�C or overnight at 4�C. After
washing in PBS, non-specific binding sites were blocked in

PBS containing 0.5% bovine serum albumin (BSA) for 1 h at

room temperature. After another washing step in PBS,

peroxidase-conjugated goat anti-rat albumin antibody was

added in PBS containing 1% BSA and incubated for 2 h

at room temperature (this antibody cross-reacts with human

albumin). The microtiter plates were then washed, the sub-

strate (0.5 mg 2.2-azino-di-3-ethylbenzothiazoline-6-sulfonic

acid per ml of 100 mM sodium acetate, 50 mM sodium phos-

phate and 9 · 10�3 % H2O2) added and the absorption was

measured at 405 nm in an ELISA reader. All washing steps

were carried out with PBS at room temperature. Background

values were measured in the absence of culture supernatant

and subtracted from the experimental values. All ELISA

determinations were carried out in duplicates.

Statistical Analysis

Error limits cited and error bars plotted represent simple stand-

ard deviations of the mean. Usually, numerical results are only

accurate enough to specify the least significant digit. When

comparing different samples, results were considered to be

statistically different when P < 0.05 (Student’s t-test for

unpaired samples).

Results

The effect of extracts of P. palaestina, J. regia,Q. ithaburensis

and C. droserifolia was evaluated here in co-cultures of cells

from the hepatocyte cell line HepG2 and cells from the mono-

cyte cell line THP1. MTT, LDH assay and albumin determina-

tion (ELISA) were carried out 24 h after treatment with

increasing concentrations (1–500 mg ml�1 of culture medium)

of extracts from the four plants.

Evaluation of Effects on Cell Viability Using MTT Test

Metabolic activity can be evaluated by measuring the activity

of a mitochondrial enzyme succinate dehydrogenase using

MTT test. MTT is designed to be used for the quantification

of both cell proliferation and cell viability in cell population

using 96-well plate format. This test is widely used in the in

vitro evaluation of the biosafety of plant extracts. In the pre-

sent study we applied the MTT test to evaluate the biosafety

of three medicinal plants in hepatocyte monolayers and in

co-cultures of hepatocytes and monocytes. Therefore, HepG2

cells and co-cultures of HepG2 and THP1 were exposed to

increasing concentrations (1–500 mg ml�1 of culture medium)

of the three plant extracts for 24 h. Following removal of the

plant extracts from each well, cells were washed in

phosphate-buffered saline, and the MTT assay was carried

out as described. Unattached HepG2 cells and THP1 cells

(grow in suspension) are removed from the co-cultures during

the washing process.

HepG2 Cells

Extracts from Q. ithaburensis exhibited no sign of any negat-

ive effects at all concentrations tested (Fig. 1A). Extracts

from J. regia and P. palaestina reduced MTT formation by

about 60% at concentration of 500 mg ml�1 (Fig. 1A). Cell

viability was decreased with increasing extract concentrations

of C. droserifolia, which was taken as a positive control. The

cell viability was decreased by about 60% at 500 mg of

C. droserifolia per ml.

Co-cultures of HepG2 with THP1

No sign of any negative effect at all concentrations tested in

the co-culture system was seen after exposure to extracts

from J. regia and Q. ithaburensis (Fig. 1B). Cell viability

with P. palestina was enhanced in the co-cultures. Exposure

to Pistacia palestina extracts for 24 h dose-dependently

decreased cell viability, reaching about 20% of untreated

cells (Fig. 1B).
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Evaluation of Effects on Cell Viability Using

LDH-Release Test

Membrane integrity can be evaluated by measuring LDH

activity. LDH, an enzyme located in the cytoplasm, catalyses

the conversion of lactate and pyruvate. When LDH is found

within the media on the cells, there are two possible causes:

the first is cellular death and the second may be a ‘leak’ in a

cell membrane. When cells are disrupted, LDH activity is

elevated.

HepG2 Cells

Results obtained in the present in vitro study indicate no signi-

ficant changes of LDH levels in the culture medium were seen

after 24 h of exposure to extracts from J. regia and

Q. ithaburensis (Fig. 2A). Pistacia palaestina extract signific-

antly increased the extracellular LDH levels at concentrations

higher than 100 mg ml�1 (Fig. 2A). Cell viability was sig-

nificantly decreased with increasing concentrations of

C. droserifolia extract, the positive control.

Co-cultures of HepG2 with THP1

As seen with HepG2, LDH levels were not significantly

increased after treatment with extracts from J. regia and

Q. ithaburensis. The effect of P. palaestina extract was similar

to that found in the MTT assay. Concentrations higher than 20

mg ml�1 significantly increased the extracellular LDH levels

reaching about 100% at the highest concentration tested

(Fig. 2B).

Effects on the Biofunctionality of Cultured Cells

The effects of the three plant extracts on expression of

liver specific functions were measured by assessing albumin

secretion by HepG2. Levels of albumin in the cell culture

medium were unchanged by treatment with any of the three

test extracts (data not shown).

Discussions and Conclusions

Recently, the number of people using medicinal plants

has been rapidly increasing and therefore national health

authorities are beginning to express concern over the safety
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Figure 1. MTT assay in HepG2 cells (A) and in the co-culture of HepG2 and

THP1 cells (B) after an overnight incubation with various concentrations

of extracts from P. palaestina, J. regia, Q. ithaburensis and C. droserifolia

(positive control). The absorbance of the MTT formazan was determined at

570 nm in an ELISA reader. Cell viability was defined as the ratio (expressed

as a percentage) of absorbance of treated cells to untreated cells. Values given

represent the mean ± standard deviations of three independent experiments

carried out in triplicate.
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Figure 2. LDH leakage from HepG2 cells (A) and from co-cultures of HepG2

and THP1 cells (B) after overnight incubation with various concentrations of

extracts from P. palaestina, J. regia, Q. ithaburensis and C. droserifolia (pos-

itive control). The leakage of the cytoplasm located LDH into the extracellular

medium is measured. LDH activity was measured in both the supernatants and

the cell lysate fractions. Values given represent the mean ± standard devi-

ations of three independent experiments carried out in triplicate.
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and efficacy of these products since almost all of them are sold

over the counter and are not registered (18,19). The purpose of

the present study is to develop a new way to evaluate both bio-

safety and biofunctionality of herbal extracts.

In vitro Test Methods

A very sensitive method for testing the toxicity of plant

extracts and their degradation products is the assessment of

in vitro toxicity. In vitro cell culture methods have the advant-

age of relatively well-controlled variables and are generally

accepted as very effective for biosafety testing. Their sensitiv-

ity is equal to or greater than that of in vivo tests. In vitro test

methods are based on the extraction of the bioactive com-

pounds. After exposure of cells to extracts, cytotoxicity is

assessed by various methods, such as microscopical evaluation

of cell morphology, the methyltetrazolium assay (MTT test),

measurement of DNA and protein synthesis, LDH activity,

and neutral red uptake. However, it has long been realized

that while growth in two dimensions is a convenient way of

preparing and observing a culture and allows a high rate of

cell proliferation, it lacks the cell–cell and cell–substrate inter-

actions characteristic of the whole tissue in vivo. The interac-

tions of a cell with a substratum play an important role not

only in the development, differentiation and regeneration of

multicellular organisms but also in preserving the specific

phenotype of cultured cells in vitro.

Co-cultures of Hepatocytes and Monocytes

The development of a new in vitro test system that enables

cultured cells to grow at higher cell density and to maintain

more in vivo like cell-to-cell interactions is very important

in order to obtain more reliable results in vitro. Non-

parenchymal cells, in particular Kupffer cells, might play an

important role in the modulation of xenobiotic metabolism in

liver and its pharmacological and toxicological consequences

(20). Therefore, we used co-cultures of human hepatoplastoma

cell line HepG2 cells and monocyte cell line THP1. HepG2

cell line retains differentiated parenchymal functions of nor-

mal hepatocytes and can be grown indefinitely, thus

permitting long-term studies to be performed. After treatment

of HepG2 cells and co-cultures of HepG2 cells and THP1

cells with various concentrations of extracts of P. palestina,

J. regia and Q. ithaburensis for 24 h, the biosafety (MTT and

LDH release) and biofunctionality (albumin production) were

evaluated.

The Role of Monocyte-derived Mediators

The observed difference in cytotoxicity of P. palaestina

extract in hepatocytes and in co-culture of hepatocytes and

monocytes may be the result of cell-to-cell interactions and/or

of cytokines produced by monocytes. In LPS-induced liver

injury, activated hepatic Kupffer cells play an essential role

(21,22). Following contact with the cluster of differentiation

(CD) 14 protein, the complex triggers a signal cascade

involving the nuclear factor kappa B. This factor enhances

the expression of inflammation-related genes. The acute-

phase response is regulated by cytokines released by activated

Kupffer cells, notably interleukin-1 (IL-1), interleukin-6 (IL-6)

and tumor necrosis factor-a (TNF-a) (23). Among these

cytokines, IL-6, also known as hepatocyte-stimulating factor,

is a major inducer of the acute phase response. IL-6 is pro-

duced not only by Kupffer cells but also other cell types

including monocytes/macrophages, fibroblasts, keratinocytes,

endothelial cells, mesanglial cells, chondrocytes, T cells,

B cells, human hepatoma cells (HepG2) and primary human

hepatocytes. Hepatocytes also produce nitric oxide (NO) dur-

ing chronic hepatic inflammation (24) and in vitro in response

to conditioned medium from activated Kupffer cells (25) or to

a mixture of LPS and TNF-a, IL-1 and IFN-g . In the liver,

TNF-a production is not restricted to Kupffer cells.

Saad et al. (26) showed that LPS affects the acute phase

response via hepatocyte-derived IL-6 and TNF-a in an auto-

crine loop and the NO production of parenchymal liver cells.

TNF-a is also involved in inducing cell damage by promoting

oxidative stress in mitochondria that occurs as a result of an

imbalance between oxidants and antioxidants in favor of oxid-

ants (27). TNF-a stimulates the production of reactive oxygen

species [ROS and reactive nitrogen species (RNS)]. ROS

have been implicated in the pathogenesis of many forms

of liver disease. When liver cells are exposed to excess ROS,

oxidative stress occurs and affects many cellular functions.

However, cells are equipped with antioxidant systems. The

essential function of the cellular antioxidant systems is to

lower the steady state of intracellular concentrations of free

radicals. They are interrelated and fall into two broad

categories as follows: enzymatic (e.g. glutathione peroxidase,

catalase and superoxide dismutase) and non-enzymatic antiox-

idant [e.g. vitamin E, vitamin C and reduced glutathione

(GSH)] defenses. It seems that the observed reduction in cell

viability in co-cultures is the result of monocyte-derived fac-

tors produced after activation of these cells by extract from

P. palestina. Therefore, cell–cell interactions must be taken

into consideration by the in vitro evaluation of medicinal

plant biosafety.

Conclusions

In conclusion, conventional homotypic hepatocyte cultures do

not include the possible contribution of non-parenchymal liver

cells, particularly Kupffer cells, to the pharmacological and

toxicological consequences after exposure to xenobiotics.

Results obtained here indicate that co-cultures improve the

reliability of data obtained from organ-specific cell cultures

and that they more closely stimulate the situation in the intact

liver.
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